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Specification 
LIGHT WAVE RADAR APPARATUS 
Field of the Invention 
[0001] 

5 The present invention relates to a light wave radar 

apparatus which emits pulsed light toward a space so as to 
measure a wind velocity according to a Doppler shift of 
scattered light resulting from a scattering of the pulsed light 
by movements of aerosols in the space. 
10 Background of the Invention 
[0002] 

A related art light wave radar apparatus is provided with 
a light source for emitting a light signal^ a light intensity 
modulator for modulating the light signal emitted from the light 

15 source to output pulsed light, a light amplifier for amplifying 
the pulsed light modulated by the light intensity modulator, 
a light transmit-receive system for emitting the pulsed light 
amplified by the light amplifier toward a space, and for 
collecting scattered light resulting from a scattering of the 

20 pulsed light by the space, and a receiving circuit for Doppler 
radar for heterodyne-detecting both a local part of the light 
signal emitted from the light source, and the scattered light 
collected by the light transmission-receive system so as to 
acquire the Doppler frequency of the wind velocity in the space 

25 (for example, refer to patent reference 1). 

Such a related art light wave radar apparatus disposed j 
in an airplane can cancel the Doppler frequency of the flying 
speed of the airplane so as to acquire the Doppler frequency 
of the wind velocity. 

30 [0003] 
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However, when the pulsed light amplified by the light 
amplifier is made to propagate to the light 
transmission-receive system by way of a waveguide of 
optical-fiber type, a change occurs in the refractive index of 
5 the waveguide in proportion to a change in the intensity of the 
pulsed light according to the nonlinear effect of the fiber core 
medium. As this refractive index change occurs, the phase of 
the pulsed light propagating changes (self -phase modulation) . 
It is known that this phase change is proportional to the 

10 intensity of the pulsed light (Kerr effect). 

Furthermore, since the intensity of the pulsed light 
changes with time, the phase of the pulsed light also changes 
with time. Since a rate of change in the phase of light which 
changes with time corresponds to a change in the frequency of 

15 the light, the frequency of the pulsed light transmitted 
deviates from its original value. 
[0004] 

In addition, when the frequency of the pulsed light 

transmitted deviates from its original value, an offset occurs 
20 in the Doppler speed (equivalent to the Doppler frequency) of 

the wind velocity which is measured by the receiving circuit 

for Doppler radar. 

For example, in a case where the related art light wave 

radar apparatus transmits the pulsed light of a wavelength of 
25 1.5 um, when a frequency deviation of 1 . 3 MHz occurs in the pulsed 

light, the frequency deviation corresponds to an offset error 

of 1 m/s in the Doppler speed. 

[0005] 

(Patent reference 1] JP, 2003-240852 , A (see paragraphs [0016] 
30 and [0024], and Fig. 1) 
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[0006] 

A problem with the related art light wave radar apparatus 
constructed as mentioned above is that when the frequency of 
the pulsed light transmitted deviates from its original value, 
5 an offset occurs in the Doppler speed of the wind velocity which 
is measured by the receiving circuit for Doppler radar, and 
therefore the wind velocity in the sight line direction cannot 
be measured with a high degree of precision, 
[0007] 

10 The present invention is made in order to solve the 

above-mentioned problem, and it is therefore an object of the 
present invention to provide a light wave radar apparatus which 
detects a frequency deviation of pulsed light transmitted to 
outside to carry out a high-precision measurement of a wind 

15 velocity. 

Disclosure of the Invention 
[0008] 

A light wave radar apparatus in accordance with the 
present invention includes a frequency deviation detecting 
20 means for detecting a frequency deviation of a light signal 
emitted out of a light emitting means. 
[0009] 

Therefore, the present invention offers an advantage of 
being able to detect the frequency deviation of pulsed light 

25 transmitted to carry out a process of correcting the wind 
velocity in the sight line direction according to the frequency 
deviation, and so on, and hence to carry out a high-precision 
measurement of the wind velocity. 
Brief Description of the Figures 

30 [0010] 
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[Fig. 1] Fig. 1 is a block diagram showing a light wave 
radar apparatus in accordance with embodiment 1 of the present 
invention; 

[Fig. 2] Fig. 2 is an explanatory diagram showing an 
5 example of a frequency deviation fchirp for each of transmission 
pulse widths (0.25 >us, 0.5 fJLs, and 1.0 fJLs) and AVoffset which is 
a velocity offset calculated based on equation (2) in a case 
where pulsed light has a wavelength of A = 1.5 >L6m; 

[Fig. 3] Fig. 3 is a diagram showing the layout of 
10 equipment used for experimental verification of a wind velocity 
offset correction ; 

[Fig. 4] Fig. 4 is an explanatory diagram showing a 
verification experimental result of the wind velocity offset 
correction; 

15 [Fig. 5] Fig. 5 is a block diagram showing a light wave 

radar apparatus in accordance with embodiment 2 of the present 
invention; 

[Fig. 6] Fig. 6 is a block diagram showing a frequency 
deviation evaluation system for evaluating a frequency 
20 deviation of transmission light in the whole of the 
optical-fiber light wave radar apparatus; 

(Fig. 7] Fig. 7 is an explanatory diagram showing time 
series data (shown on a left-hand side) and a frequency-analysis 
result (shown on a right-hand side) obtained from a 
25 heterodyne-detected signal of internally-reflected light; 

[Fig. 8] Fig. 8 is a block diagram showing a light wave 
radar apparatus in accordance with embodiment 3 of the present 
invention; 

[Fig. 9] Fig. 9 is a flow chart showing a procedure for 
30 estimating a frequency deviation fchirp; 
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[Fig. 10] Fig. 10 is an explanatory diagram showing the 
output pulse intensity waveform of transmission light; and 

[Fig. 11] Fig. 11 is an explanatory diagram showing a 
computed result of the frequency deviation of the transmission 
5 light, which is based on self -phase modulation. 
Preferred Embodiments of the Invention 
[0011] 

Hereafter, in order to explain this invention in greater 
detail, the preferred embodiments of the present invention will 
10 be described with reference to the accompanying drawings. 
Embodiment 1 . 

Fig. 1 is a block diagram showing a light wave radar 

apparatus in accordance with embodiment 1 of the present 

invention. In the figure, a reference light source 1 emits a 
15 light signal of a frequency of v, and outputs the light signal 

to an optical fiber 2. The reference light source 1 constitutes 

a light emitting means. 

An optical fiber 2 is inserted between any two adjacent 

components of the light wave radar apparatus, and constitutes 
20 an optical guide means for making light output from each 

component propagate therethrough. 

[0012] 

An optical path branching unit 3 branches the light signal 
emitted out of the reference light source 1, outputs a part of 
25 the light signal to a pulse modulator 4, and also outputs, as 
local oscillation light, a part of the light signal to an optical 
path branching unit 9. 

The pulse modulator 4 intensity-modulates the part of the 
light signal branched thereto by the optical path branching unit 
30 3 to generate and output pulsed light. 
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An optical fiber amplifier 5 amplifies the pulsed light 

outputted from the pulse modulator 4 . 

[0013] 

An optical directional coupler 6 outputs the pulsed light 
5 amplified by the optical fiber amplifier 5 to an optical path 
branching unit 7, and also outputs scattered light collected 
by a transmit-receive telescope 8 to the optical path branching 
unit 9 . 

The optical path branching unit 7 branches the pulsed 
10 light outputted from the optical directional coupler 6, and 
outputs a great part of the pulsed light to the transmit-receive 
telescope 8 and also outputs a part of the pulsed light to a 
frequency deviation detecting unit 12. 

The transmit-receive telescope 8 enlarges the beam 
15 diameter of the great part of the pulsed light into which the 
pulsed light outputted from the optical directional coupler 6 
is branched, and emits out the great part of the pulsed light 
toward a space and also collects the scattered light resulting 
from a scattering of the pulsed light by the space. The 
20 transmit-receive telescope 8 constitutes a light 
transmit-receive means. 
[0014] 

The optical path branching unit 9 combines the local 
oscillation light outputted from the optical path branching 
25 unit 3, and the scattered light outputted from the optical 
directional coupler 6 into combined light, and outputs the 
combined light to a heterodyne receiving unit 10. 

The heterodyne receiving unit 10 heterodyne-detects the 
combined light into which the local oscillation light outputted 
30 from the optical path branching unit 9 and the scattered light 



7 

are combined, and outputs a signal indicating a difference 
frequency component having a frequency corresponding to the 
difference between the frequency of the local oscillation light 
and that of the scattered light. 
5 A Doppler signal processing unit 11 calculates a wind 

velocity in a sight line direction from the difference frequency 
component indicated by the output signal of the heterodyne 
receiving unit 10. 

A wind velocity calculating means is provided with the 
10 optical path branching unit 3, optical directional coupler 6, 
optical path branching unit 9, heterodyne receiving unit 10, 
and Doppler signal processing unit 11. 
[0015] 

The frequency deviation detecting unit 12 detects a 
15 frequency deviation of the part of the pulsed light outputted 
from the optical path branching unit 7. 

A weighted average processing unit 13 acquires a weighted 
average of the detection result obtained by the frequency 
deviation detecting unit 12 so as to determine a systematic 
20 error from the weighted-averaged frequency deviation. 

A frequency deviation detecting means is provided with 
the optical path branching unit 7, frequency deviation 
detecting unit 12, and weighted average processing unit 13. 

A subtracter 14 subtracts the systematic error determined 
25 by the weighted average processing unit 13 from the wind 
velocity calculated by the Doppler signal processing unit 11 
so as to remove the systematic error from the wind velocity. 
The subtracter 14 constitutes a wind velocity correcting means. 
[0016] 

30 Next, the operation of the light wave radar apparatus in 
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accordance with this embodiment of the present invention will 
be explained. 

The reference light source 1 emits a light signal of a 
frequency of u , and outputs the light signal to the optical 
5 fiber 2. 

When the optical path branching unit 3 receives the light 
signal emitted out of the reference light source 1 via the 
optical fiber 2, the optical path branching unit outputs a part 
of the light signal to the pulse modulator 4, and also outputs 
10 a part of the light signal^ as local oscillation light , to the 
optical path branching unit 9. 
[0017] 

When receiving the part of the light signal branched by 
the optical path branching unit 3 via the optical fiber 2, the 

15 pulse modulator 4 intensity-modulates the part of the light 
signal and outputs pulsed light. 

When receiving the pulsed light outputted from the pulse 
modulator 4 via the optical fiber 2, the optical fiber amplifier 
5 amplifies the pulsed light. 

20 When receiving the pulsed light amplified by the optical 

fiber amplifier 5 via the optical fiber 2, the optical 
directional coupler 6 outputs the pulsed light to the optical 
path branching unit 7 . 

When receiving the pulsed light outputted from the 

25 optical directional coupler 6 via the optical fiber 2, the 
optical path branching unit 7 branches the pulsed light and 
outputs a great part of the pulsed light to the transmit-receive 
telescope 8. The optical path branching unit 7 also outputs 
a part of the pulsed light to the frequency deviation detecting 

30 unit 12. 
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[0018] 

When receiving the great part of the pulsed light which 
is branched from the optical directional coupler 6 via the 
optical fiber 2 , the transmit-receive telescope 8 emits out the 
6 pulsed light toward a space after enlarging the beam diameter 
of the pulsed light. 

The pulsed light emitted out toward the space from the 
transmit-receive telescope 8 is scattered by minute dust in the 
space (i.e., aerosols). Since aerosols have the property of 
10 moving at a speed which is the same as the wind velocity, 
scattered light resulting from a scattering of the pulsed light 
by aerosols in the space has a frequency of iz + Afn including 
a Doppler shift A f d which is caused by movements of the 
aerosols . 

15 The transmit-receive telescope 8 collects the scattered 

light resulting from a scattering of the pulsed light by the 
space . 
[0019] 

When receiving the scattered light collected by the 
20 transmit-receive telescope 8 via the optical fiber 2, the 

optical directional coupler 6 outputs the scattered light to 

the optical path branching unit 9. 

When the optical path branching unit 9 receives the local 

oscillation light of a frequency of 1/ from the optical path 
25 branching unit 3 and the scattered light of a frequency of ( V 

+ AfD) from the optical directional coupler 6, the optical path 

branching unit 9 combines the local oscillation light and 

scattered light into combined light and outputs the combined 

light to the heterodyne receiving unit 10. 
30 When receiving the combined light from the optical path 
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branching unit 9, the heterodyne receiving unit 10 
heterodyne-detects the combined light so as to detect an 
intensity alternating component of the combined light. 
Although a frequency component of a frequency of (2i/ + AfD) 
5 which is the sum of the local oscillation light and scattered 
light and a frequency component of a frequency of Afo which 
is the difference between them are included in the intensity 
signal of the combined light, the heterodyne receiving unit 10 
converts only the frequency component of a frequency of Afo 
10 which is the difference between the local oscillation light and 
scattered light into an electric signal. 
[0020] 

When receiving the electric signal indicating the 
frequency component of a frequency of Afo from the heterodyne 
15 receiving unit 10, the Doppler signal processing unit 11 
analog-to-digital converts the electric signal into a digital 
signal, and performs an FFT (Fast Fourier Transform) process 
on the digital signal and estimates a frequency at which a peak 
value of the resulting spectrum is obtained so as to detect the 

20 Doppler frequency Afo. 

The Doppler signal processing unit 11 then calculates the 
wind velocity Vw in the sight line direction by substituting 
the Doppler frequency Afo into the following equation (1): 

25 Vw = A • AfD/2 (1) 

where A is the wavelength of the pulsed light. 
[0021] 

When receiving the remaining part of the pulsed light from 
30 the optical path branching unit 7, the frequency deviation 
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detecting unit 12 detects a frequency deviation fchirp of the light 
signal by, for example, detecting the frequency of the light 
signal • 

The weighted average processing unit 13 acquires a 
5 weighted average of the detection result of the frequency 
deviation detecting unit 12 in order to improve the accuracy 
of the detection of the frequency deviation fchirp. 

Since only the systematic error AVoflfset is included in the 
wind velocity Vw calculated by the Doppler signal processing 
10 unit 11 due to the frequency deviation fchirp, the weighted average 
processing unit determines the systematic error AVoirset from the 
weighted-averaged frequency deviation fchirp. 

A Voffset = A • f chirp/2 ( 2 ) 

15 

After the weighted average processing unit 13 determines 
the systematic error AVoffset, the subtracter 14 subtracts the 
systematic error AVoffset from the wind velocity Vw calculated by 
the Doppler signal processing unit 11. 
20 [0022] 

As can be seen from the above description, the light wave 
radar apparatus in accordance with this embodiment 1 includes 
the frequency deviation detecting unit 12 for detecting the 
frequency deviation fchirp of the light signal, and the weighted 
25 average processing unit 13 for determining the systematic error 

A Voffset from the frequency deviation fchirp detected by the 
frequency deviation detecting unit 12, and is so constructed 

as to subtract the systematic error A Voffset from the wind velocity 
Vw calculated by the Doppler signal processing unit 11. 
30 Therefore, the present embodiment offers an advantage of being 
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able to carry out a high-precision measurement of the wind 

velocity Vw. 

[0023] 

As a result, the wind velocity Vw in the sight line 
5 direction can be precisely measured. Hereafter, the 
explanation is directed to an experimental verification of how 
the wind velocity Vw in the sight line direction can be properly 
corrected. 

Fig. 2 shows an example of the frequency deviation fcWrp 
10 for each of transmission pulse widths (0.25 >Us, 0.5 Ms, and 
1.0 /ULs) and A Voffset which is the velocity of f set calculated based 
on the equation (2) in a case where the pulsed light has a 
wavelength of A = 1.5 jum. 
[0024] 

15 Fig. 3 shows the layout of equipment used for the 

experimental verification of the wind velocity offset 
correction, and, in the example of Fig. 3, a cup anemometer 102 
was used, as the reference for the measurement of the wind 
velocity, to measure the wind velocity at the same time when 

20 the light wave radar 101 measured the wind velocity. 

In order to avoid the spatial disorder of a wind velocity 
field which could occur in the vicinity of the earth's surface 
which was not smooth, the cup anemometer 102 was installed on 
a tower having a height above the ground of 30 m and the light 

25 wave radar 101 was installed on a building • s roof having a height 
above the ground of 10 m, which was 184 m distant from the tower, 
so that the light wave radar 101 applied transmission laser 
light to an observation space 103 which was located at much the 
same as the location where the cup anemometer 102 was placed 

30 to measure the wind velocity. The object distance resolution 
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of the light wave radar 101 was 37.5 m, the pulse width of the 
laser light was 0.25 >us, and the amount of offset correction 
was 0.77 m/s. 
[0025] 

6 A wind velocity component associated with the direction 

of radiation (i.e., the sight line direction) of the 
transmission laser light emitted out of the light wave radar 
101 was calculated from the wind velocity and wind direction 
measured by the cup anemometer 102, and was compared with the 
10 velocity-offset-corrected measurement obtained by the light 
wave radar . 

Fig. 4 shows the results of the experimental verification 
of the wind velocity offset correction. 

Fig. 4(a) shows time series data 111 and 112 about the 

15 measured wind velocity (each has a series of 398 5-sec averaged 
points) obtained by the both measurement instruments, and it 
is clear from Fig. 4(a) that the trend in variations in the 
measured wind velocity data 111 substantially agrees with that 
in variations in the measured wind velocity data 112. 

20 Fig. 4(b) shows the difference between the measurements 

obtained by the both measurement instruments, and it is clear 
from this figure that the average and standard deviation of the 
difference between the measurements obtained by the both 
measurement instruments are 0.035 m/s and 0.332 m/s, 

25 respectively, and 0.035 m/s of the average of the difference 
between the measurements is a digit smaller than the offset 
correction value of 0.77 m/s. 

This shows that the velocity offset correction was 
carried out correctly. 

30 [0026] 
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When the cause of the occurrence of the above-mentioned 
velocity offset is the deviation in the transmission light 
frequency due to the self-phase modulation which will be 
5 explained in below-mentioned embodiment 3, the amount of offset 
correction is uniquely determined by the characteristics of the 
optical fibers through which the pulsed light is made to pass, 
and the shape and power of the pulsed light. 

When carrying out a wind measurement under these 

10 conditions while fixedly setting specific transmission pulse 
conditions, the light wave radar apparatus can measure and store 
a deviation of the frequency of the pulsed light for each pulse 
emission condition for the pulsed light (e.g., a pulse shape 
and pulse power of the pulsed light) in a table in advance, as 

15 shown in Fig. 2, can read a frequency deviation corresponding 
to the pulsed light which is to be transmitted from the table, 
and can subtract an systematic error corresponding to the 
frequency deviation from the wind velocity. 

In this case, the means (for example, the frequency 

20 deviation detecting unit 12 and weighted average processing 
unit 13) disposed on the transmission light path of the light 
wave radar, for estimating the frequency deviation of the pulsed 
light can be eliminated. Therefore, this variant offers an 
advantage of being able to reduce the loss of the transmission 

25 light path, and another advantage of being able to reduce the 
manufacturing cost because of the reduction in the component 
count, and to improve the ease of the fabrication of and the 
reliability of the light wave radar apparatus. 
[0027] 

30 Embodiment 2 . 
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Fig, 5 is a block diagram showing a light wave radar 
apparatus in accordance with embodiment 2 of the present 
invention. In the figure, since the same reference numerals 
as shown in Fig. 1 denote the same components as those of 
5 embodiment 1 or like components, the explanation of the 
components will be omitted hereafter. 

An optical path branching unit 21 combines local 
oscillation light of a frequency of u outputted from an optical 
path branching unit 3, and pulsed light of a frequency of ( 1/ 

10 +f chirp) outputted from an optical path branching unit 7 into 
combined light, and outputs the combined light to a heterodyne 
receiving unit 22. 

The heterodyne receiving unit 22 detects an intensity 
alternating component of the combined light outputted from the 

15 optical path branching unit 21. Although both a sum frequency 
component of a frequency of (2i/+fchirp) equal to the sum of the 
frequency of the local oscillation light and that of the pulsed 
light and a difference frequency component of a frequency of 
f chirp equal to the difference between the frequency of the pulsed 

20 light and that of the local oscillation light are included in 
the intensity signal of the combined light, the heterodyne 
receiving unit 22 converts only the difference frequency 
component into an electric signal, and detects the frequency 
deviation f chirp from the electric signal. 

25 A frequency deviation detecting means is provided with 

an optical path branching unit 7, the optical path branching 
unit 2 1, the heterodyne receiving unit 2 2, and a weighted 
average processing unit 13. 
[0028] 

30 In accordance with above-mentioned embodiment 1, the 
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frequency deviation detecting unit 12 detects the frequency 
deviation fchirp from a part of the pulsed light outputted from 
the optical path branching unit 7, as previously explained. In 
contrast, in accordance with this embodiment, the optical path 
5 branching unit 21 combines the local oscillation light 
outputted from the optical path branching unit 3 , and the pulsed 
light outputted from the optical path branching unit 7 into 
combined light, and the heterodyne receiving unit 22 detects 
the frequency deviation fchirp from the combined light, 
10 [0029] 

Hereafter, an explanation will be made as to an 
experimental example aimed at combining the local oscillation 
light and pulsed light into combined light so as to detect the 
frequency deviation fchirp of the pulsed light from the combined 
15 light. 

Fig. 6 is a block diagram showing a frequency deviation 
evaluation system for evaluating the frequency deviation of the 
transmission light in the whole optical-fiber light wave radar 
apparatus . 

20 An optical path branching unit 202 branches 

continuous-wave light having a spectral band width of 24.8kHz 
outputted from a DFB (Distributed Feed Back) -fiber laser 201 
which is a reference light source, and outputs a great part of 
the continuous-wave light to an AOMs ( Acousto-Optic Modulator) 

25 203 which is a pulse modulator. 

When receiving the continuous-wave light having a 
spectral band width of 24.8kHz, the AOMs 203 cuts out pulsed 

light having a pulse width of 1 //s and peak power of 1 mW from 
the continuous-wave light, and simultaneously provides a 
30 frequency shift of + 100 MHz to the frequency of the pulsed light . 
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[0030] 

An EDFA (Erbium Doped Fiber Amplifier) 2 05 which is an 
optical fiber amplifier amplifies the pulsed light outputted 
from the AOMs 203 so that it has peak power of 14 and outputs 
5 the pulsed light to a transmit-receive telescope 207 via a 
circulator 206 of optical-fiber type which is a directional 
coupler. 

In this experimental example, the frequency deviation of 
the pulsed light which is the transmission light is evaluated 
10 by heterodyne-detecting internally-reflected light reflected 
by an optical fiber end 208 located immediately before the 
transmit-receive telescope 207. 
[0031] 

In other words, when receiving a part of the 
15 continuous-wave light outputted from the DFB-fiber laser 201 
and the internally-reflected light reflected by the optical 
fiber end 208 via the optical path branching unit 209, the 
heterodyne receiving unit 210 heterodyne-detects the part of 
the continuous-wave light and internally-reflected light, and 
20 outputs a heterodyne-detected signal to a DSO 211 which is a 
digital storage oscilloscope. 

When receiving the heterodyne-detected signal from the 
heterodyne receiving unit 210, the DSO 211 acquires time series 
data at 1280 points which are in the vicinity of an 
25 internally-reflected optical beat signal at a sampling rate of 
1 GS/s. 

Then, the DSO 211 carries out an off-line FFT process on 
the time series data in units of 256 points so as to extract 
spectra from the time series data. 
30 The DSO 211 then determines the barycenter of each 



spectrum which is around the peak of each spectrum so as to 
calculate the center frequency for every FFT period. 
[0032] 

Fig. 7 is an explanatory diagram showing the time series 
5 data (shown on a left-hand side) and frequency-analysis result 
(shown on a right-hand side) obtained from the 
heterodyne-detected signal of the internally-reflected light. 

Especially, Fig. 7(a) shows a result in the case where 
pulsed light is outputted as the transmission light using the 
10 EDFA, and it is clear from the center frequencies corresponding 
to the time-series periods A, B, and C of the figure that 
frequencies in the vicinity of the time series period B are lower 
than those of the time series periods A and C by about 1.5 MHz. 

On the other hand. Fig. 7(b) shows a result in the case 
15 where CW (Continuous Wave) light is outputted as the 
transmission light, and it can be recognized from the figure 
that there is no significant frequency deviation within the 
periods which is a target for evaluation. 
(0033] 

20 In order to check to see whether the cause of the frequency 

deviation shown in Fig. 7(a) occurs in or after the EDFA, the 
pulse light (having peak power of ImW) output from the AOMs is 
reduced properly, and is heterodyne-detected (see Fig. 7(c)). 
As a result, it is clear that there is no significant 

25 frequency deviation in the time series period B in which a 
frequency deviation occurs in the case of Fig. 7(a). 

As can be seen from the above description, it is possible 
to detect a frequency deviation which occurs systematically 
only from the pulsed light amplified by the EDFA. 

30 [0034] 
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In this evaluation experiment, although light reflected 
from the optical fiber end 208 is used as a method of extracting 
a part of the transmission light, instead of the optical path 
branching unit 7 , the method is not limited to the use of the 
5 optical fiber end. As an alternative, light reflected from an 
internal reflection point between the optical guide means and 
the light transmit-receive means can be used. 

For example, an internal reflection point of constant 
reflectivity which does not move with time, such as an internal 

10 reflection point of the circulator 206 or transmit-receive 
telescope 207, can be used. 

In this case, since the optical path branching unit 7 can 
be eliminated, the loss of the transmission light path can be 
reduced, and the manufacturing cost can be reduced because of 

15 the reduction in the component count and the ease of the 
fabrication of and the reliability of the light wave radar 
apparatus can be improved. 

In addition, since the light reflected from the internal 
reflection point and the scattered light resulting from a 

20 scattering by aerosols at a distance of Z[m] which are a target 
to be measured appear within the time series data of the 
heterodyne-detected signal at different times, it is possible 
to divide the time series period to be analyzed into a time period 
immediately after the pulse is outputted and a time period after 

25 a lapse of 2Z/c seconds from the output of the pulse, and to 
analyze each signal with a time division technique, where c 
shows the velocity of light. In this case, the analysis of the 
frequencies of the internally-reflected light and scattered 
light scattered from aerosols can be carried out using an 

30 identical heterodyne receiving unit. 
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Therefore, since the heterodyne receiving units 10 and 
22 can be unified, the manufacturing cost can be reduced because 
of the reduction in the component count and the ease of the 
fabrication of and the reliability of the light wave radar 
5 apparatus can be improved. 
[0035] 

Embodiment 3 . 

Fig. 8 is a block diagram showing a light wave radar 
apparatus in accordance with embodiment 3 of the present 
10 invention. In the figure, since the same reference numerals 
as shown in Fig. 1 denote the same components as those of 
embodiment 1 or like components, the explanation of the 
components will be omitted hereafter. 

An intensity detecting unit 2 3 detects the intensity of 
15 a light signal outputted from an optical path branching unit 
7. 

A zero Doppler frequency correction value calculating 
unit 24 detects a frequency deviation f chirp of pulsed light from 
a temporal change in the intensity of the light signal detected 
20 by the intensity detecting unit 23, and determines a systematic 
error AVoffset from the frequency deviation f chirp. 
[0036] 

In accordance with above-mentioned embodiment, the 
optical path branching unit 21 combines the local oscillation 

25 light outputted from the optical path branching unit 3 and 
pulsed light outputted from the optical path branching unit 7 
into combined light, and the heterodyne receiving unit 22 
heterodyne-detects the combined light so as to detect the 
frequency deviation f chirp of the pulsed light, as previously 

30 explained. In contrast, the light wave radar apparatus in 
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accordance with this embodiment can estimate the frequency 
deviation of the pulsed light from a temporal change in the 
intensity of the transmission light by using, as a priori 
information, the fact that the cause of the frequency deviation 
5 of the transmission pulsed light is a self-phase modulation 
which occurs in the transmission path. 

Concretely, the light wave radar apparatus in accordance 
with this embodiment operates as follows. 
[0037] 

10 When pulsed light is incident upon an optical medium, the 

refractive index of the optical medium varies with time 
according to the intensity of the pulsed light because of Kerr 
effect. 

When the electric field A of light changes slowly along 
15 the direction in which the light propagates through the optical 
fiber (in the case of slowly varying approximation) , a general 
formula of the self-phase modulation can be drawn from the 
following propagation equation: 



— = aA-¥ — R^ ; Y\A\ a 



20 where a is an attenuation by the optical fiber, A is the 
wavelength of the light, and 32 is a pulse width increase factor 
due to a refractive-index dispersion. 
[0038] 

The third term of the right side of the equation (3) shows 
25 a nonlinear optical effect including a nonlinear optical 
coefficient y expressed by the following equation (4): 
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y 



7a^^ k (4) 



where c is the velocity of lights Aeir is an optical-fiber 
effective core area, Po is the peak power of the pulsed light, 
U)o is the frequency of the light, and n2 is a nonlinear refractive 
5 index associated with the third nonlinear polarization. 
[0039] 

Assuming that /32 = 0 (zero dispersion) in order to take 
the self -phase modulation into consideration, and representing 
the electric field A of light with a normalized amplitude U given 
10 by the following equation (5), the solution of the normalized 
amplitude U is expressed by the following equation (6): 

A{z,T)'y[K^^l>[-az/2ij{zj) ( 5 ) 

t/(2,r)-{/(o,r)exp[/^^,(z,r)] 

( o ) 

where U(0, T) shows the normalized amplitude which is defined 
at a propagation distance z = 0, and <^nl shows a nonlinear phase 
15 deviation expressed by the following equation (7): 

q>,,{zj)-\u{(i,TX^ (7) 

[0040] 

Leff shows an effective propagation distance and Lnl shows 
a nonlinear length, and they are expressed by the following 
20 equations (8) and (9), respectively. 



1 - exp[- at] 



( 8 ) 



L 



( 9 ) 



[0041] 



On the other hand, a temporal change in the nonlinear phase 



deviation 0nl appears as the frequency deviation (chirp) of the 
5 light. 



As a result, the transmission pulsed light has a frequency 

which decreases in a rising portion thereof (i.e. , within a time 

period during which the differential coefficient of |U(0, T) |2 
10 with respect to time is positive), whereas the transmission 

pulsed light has a frequency which increases in a falling 

portion thereof. 

Assuming that the wavelength is 1.5 JULm, the loss a of 

a typical single mode optical fiber is of order of about -0.2 
15 dB/km, and therefore it can be ignored for about several tens 

of m of fiber length and Lefr can be approximated to the length 

L of the optical fiber. 

For this reason, it is clear that the frequency deviation 

has a property of being proportional to the peak power Po of 
20 the pulsed light, fiber length L, and rate d|u|2/dt of temporal 

change in the pulsed light of a nonlinear refractive index of 

n2, and being inversely proportional to the effective core area 

AefT of the optical fiber. 




(10) 



[0042] 
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By using the above-mentioned property as a priori 
information, the frequency deviation of the transmission light 
can be estimated. Fig. 9 is a flow chart showing a procedure 
for estimating the frequency deviation f chirp. 
5 First, the zero Doppler frequency correction value 

calculating unit 24 sets the wavelength A of the target light 
so as to calculate the optical frequency UJo (in step STl). 

ojo = c/A (11) 

10 

The zero Doppler frequency correction value calculating 
unit 24 also sets the effective core area Aeff, fiber length L, 
and nonlinear refractive index n2 which are parameters of the 
optical fiber 2 to be used (in step ST2 ) . 
15 [0043] 

The zero Doppler frequency correction value calculating 
unit 24 acquires the intensity of the light pulse detected by 
the intensity detecting unit 23, i.e., the peak power Po and 
normalized intensity time waveform |U(0, T)|2 of the 

20 transmission pulsed light (in step ST3 ) . 

The zero Doppler frequency correction value calculating 
unit 24 then substitutes the optical frequency U)o calculated 
in step STl, parameters set in step ST2, and peak power Po and 
normalized intensity time waveform |U(0, T) 1 2 which are acquired 

25 in step ST3 into the equations (4) and (8) to (10), so as to 
calculate the frequency deviation f chirp (in step ST4 ) . 

After calculating the frequency deviation f chirp, the zero 
Doppler frequency correction value calculating unit 24 acquires 
a weighted average of the frequency deviation f chirp, and also 

30 acquires a systematic error AVoffset from the weighted-averaged 
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frequency deviation f chirpy like the weighted average processing 

unit 13 shown in Fig. 1. 

[0044] 

The validity of the above-mentioned relational 
5 expressions was verified by experiment. The wavelength of the 
light used for the experiment was A = 1540 nm, and an Er-doped 
optical fiber (Aeff = 65 /Jim^ and L= 12 m) and a core enlarged 
optical fiber for transmission (Aeff= 130 /Jim^ and L = 12 m) were 
connected to each other as fiber parameters for transmission. 
10 It was assumed that the nonlinear refractive index was the one 
(n2 - 2.6x10 20 m2/W) of a standard single mode optical fiber. 
[0045] 

Fig. 10 shows the output pulse intensity waveform of the 
transmission light . 

15 As shown in this figure, the peak power Po was 14W. 

|U(0,T)|2 was calculated by numerically differentiating the 
intensity of the transmission light with respect to time. The 
solid line of Fig. 11 shows the result which is calculated by 
substituting the above-mentioned parameters Po, Aeff, L, and n2 

20 into the equations (4) and (8) to (10). It is clear that the 
solid line is considerably in agreement with the actual 
measurement of the frequency deviation obtained with the 
optical heterodyne detection, which is shown by a dotted line 
of Fig. 11 (i.e., the measured result which is explained with 

25 reference to the right-hand side of Fig. 7(a) in embodiment 2) . 

The above-mentioned evaluation result shows that the 
frequency deviation of the transmission light can be estimated 
correctly in accordance with this embodiment 3. 
[0046] 

30 The method of estimating the frequency deviation of the 
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transmission light in accordance with this embodiment 3 offers 
an advantage of being able to simplify the apparatus since the 
heterodyne receiving unit 22 can be eliminated and only the 
setting of the initial parameters and measurement of the time 
5 waveform of the light intensity are needed to estimate the 
frequency deviation of the transmission light. 

In addition, in accordance with this embodiment 3, the 
optical path branching unit 7 is used as a transmission path 
used for detecting the intensity of the transmission light. As 

10 an alternative, reflected light reflected from an optical 
component located in the vicinity of the light emitting end of 
an optical fiber for transmission, e.g., internally-reflected 
light reflected from a position having constant reflectivity, 
such as internally-reflected light reflected from a light 

15 emitting fiber end or the optical directional coupler 6, can 
be used to detect the intensity of the transmission light. By 
calibrating the level of this internally-reflected light in 
advance, the intensity of the transmission light can be 
monitored. 

20 Therefore, this variant offers an advantage of being able 

not only to eliminate the optical path branching unit 7 disposed 
in the transmission path to simplify the structure of the 
apparatus because of the use of the internally-reflected light, 
but also to reduce the loss caused by the insertion of the optical 

25 path branching unit 7 into the transmission path. 
[0047] 

Embodiment 4 • 

The light wave radar apparatus in accordance with 
above-mentioned embodiment 3 estimates the frequency deviation 
30 of the transmission pulsed light by using, as a priori 
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information, the fact that the cause of the frequency deviation 
of the transmission pulsed light is the self-phase modulation 
which occurs in the transmission path. In this embodiment, a 
method of reducing the frequency deviation of the transmission 
5 light which is caused by the self-phase modulation will be 
explained. 

In other words, as can be seen from the equations (4) and 
(8) to (10), the frequency deviation fchirp of the transmission 
light which is caused by the self-phase modulation explained 

10 in above-mentioned embodiment 3 has a property of being 
proportional to the peak power Po of the pulsed light, fiber 
length L, and rate d|u|2/dt of temporal change in the pulsed 
light, and being inversely proportional to the effective core 
area Aefr of the optical fiber. 

15 Therefore, in accordance with this embodiment 4, the 

frequency deviation of the transmission light is reduced by 
shortening the optical fiber length 
[0048] 

The optical fiber length L which limits the largest 
20 frequency deviation of the transmission light to |Afc| falls 
within a range given by the following equation (12) . In other 
words, the optical fiber length L is made to be smaller than 
a reference value given by the right-hand side of the equation 
(12). 



25 



(12) 



[0049] 

This embodiment 4 therefore offers an advantage of being 
able to estimate the longest optical fiber length according to 
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the desired frequency deviation range from the time 
characteristics of the light pulse to be used and the parameters 
of the material of which the optical fiber to be used is made, 
and being able to provide an indicator effective for examination 
5 of the placement of the components according to the optical 
fiber length. 
[0050] 

Embodiment 5, 

The light wave radar apparatus in accordance with 

10 above-mentioned embodiment 4 reduces the frequency deviation 
of the transmission pulsed light by shortening the length of 
the optical fiber through which the transmission light passes 
by using, as a priori information, the fact that the cause of 
the frequency deviation of the transmission pulsed light is the 

15 self -phase modulation which occurs in the transmission path. 
As an alternative, the light wave radar apparatus can reduce 
the frequency deviation of the transmission pulsed light by 
increasing the effective core area of the optical fiber. 

In other words, as can be seen from the equations (4) and 

20 (8) to (10), the frequency deviation f chirp of the transmission 
light which is caused by the self-phase modulation explained 
in above-mentioned embodiment 3 has a property of being 
proportional to the peak power Po of the pulsed light, fiber 
length L, and rate d|u|2/dt of temporal change in the pulsed 

25 light, and being inversely proportional to the effective core 
area Aeff of the optical fiber. 

Therefore, in accordance with this embodiment 5, the 
frequency deviation of the transmission light is reduced by 
enlarging the effective core area Aeir of the optical fiber. 

30 [0051] 
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The effective core area Aefr of the optical fiber which 
limits the largest frequency deviation of the transmission 
light to |Afc| falls within a range given by the following 
equation (13). In other words, the effective core area Aefr of 
the optical fiber is made to be larger than a reference value 
given by the right-hand side of the equation (13). 



(13) 



As an alternative, the equation (13) is transformed into 
the following equation (14), and the characteristics of the 
10 optical fiber are selected or designed so that a nonlinear 
constant n2/Aeff of the optical fiber falls within a range given 
by the following equation (14): 



(14) 



[0052] 

15 This embodiment 5 therefore offers an advantage of being 

able to estimate the smallest effective core area Aeff or 
nonlinear constant n2/Aeff of the optical-fiber according to the 
desired frequency deviation range from the time characteristics 
of the light pulse to be used and the parameters of the material 

20 of which the optical fiber to be used is made, and being able 
to provide an indicator effective for selection or design 
examination of the optical fiber used as the transmission 
optical path. 
Industrial Applicability 

25 [0053] 

As mentioned above, the light wave radar apparatus in 
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accordance with the present invention is suitable for needing 
to measure a wind velocity with a high degree of precision when 
emitting pulsed light toward a space, and measuring the wind 
velocity according to a Doppler shift of scattered light 
resulting from a scattering of the pulsed light by movements 
of aerosols in the space. 



